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Searching for topological superconductors is a
challenging task in physics nowadays. One of the
most promising scheme is by utilizing spin-orbit
(SO) coupling, a spin polarized metal proximate
to an s-wave superconductor can exhibit p-wave
pairing [1]. Recently, synthetic SO couplings have
also been realized by two-photon Raman process
in bosonic [2–9] and fermonic [10–13] cold atom
systems. In cold atom systems, instead of prox-
imity effect, s-wave pairing force originates from
Feshbach resonance, in which an s-wave Feshbach
molecular state is tuned to scattering threshold
and resonantly couples to itinerant atoms [14]. In
this work we demonstrate a dynamic process in
which SO coupling can coherently produce s-wave
Feshbach molecules from a fully polarized Fermi
gas, and can induce a coherent oscillation be-
tween Feshbach molecules and spin polarized gas.
For comparison, we also show that such phenom-
ena are absent if the inter-component coupling
is momentum-independent. This demonstrates
experimentally that SO coupling does provide fi-
nite matrix element between a singlet state and
a triplet state, and therefore, implies the bound
pairs of a system with SO coupling have triplet
p-wave component, which can become topological
superfluid by further cooling these pairs to con-
densation and confining them to lower dimension.
Let us consider two atoms on the positive scattering
length (as > 0) side of an s-wave Feshbach resonance.
In such a system, the Feshbach molecule is in the singlet
state |S〉 ≡ (|↑〉1 |↓〉2 − |↓〉1 |↑〉2)/
√
2. We assume two
fermionic atoms are initially prepared in the same spin
state (say |↓〉), with different momenta p and q, as rep-
resented by blue arrows in Fig. 1. The initial state under
anti-symmetrization is given by
|Ψ〉i =
1√
2
(|p〉1 |q〉2 − |q〉1 |p〉2) |↓〉1 |↓〉2 . (1)
Now let us turn on a single particle term that couples
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FIG. 1: (Color online). Schematic of how SO coupling
can induce transition to Feshbach molecules: Left and
right column represent spins of two atoms with different mo-
mentum. (a) and (b) represent two cases in the absence (a)
or in the presence (b) of SO coupling. Red arrows represent
spin direction at t = 0 and the yellow arrows represent spin
direction at finite time t.
two spin states as
h(k) · σ. (2)
If the “effective magnetic field” h is k-independent, it
represents the case without SO coupling. In that case,
h acts as a uniform magnetic field and the two atoms
with different momentum always rotate in the same way.
Therefore, at a given time t, both of them rotate to the
same direction |nˆ〉, as shown in Fig. 1(a). The final state
wave function is then given by
|Ψ〉f = 1√
2
(|p〉1|q〉2 − |q〉1|p〉2) |nˆ〉1|nˆ〉2. (3)
Since this state remains in triplet channel, 〈S|Ψ〉f is al-
ways zero. Thus, there cannot be any coherent transition
to the Feshbach molecular state. On the other hand, if
any component of h depends on k, it means that the spin
and momentum are coupled. In this case, the amount of
2rotation each spin executes depends on its momentum
and is in general different for different momentum. Sup-
pose at time t, atom with momentum p rotates to |nˆp〉
and atom with momentum q rotates to |nˆq〉, as shown in
Fig. 1b, the final state wave function can now be written
as
|Ψ〉f = 1√
2
(|p〉1|q〉2|nˆp〉1|nˆq〉2 − |q〉1|p〉2|nˆq〉1|nˆp〉2) .
(4)
It is straightforward to show the wave function Eq. (4)
can be rewritten as
|Ψ〉f = (|p〉1|q〉2 − |q〉1|p〉2)
2
|T˜ 〉+ (|p〉1|q〉2 + |q〉1|p〉2)
2
|S˜〉
where |T˜ 〉 = (|nˆp〉1|nˆq〉2 + |nˆq〉1|nˆp〉2)/
√
2 and |S˜〉 =
(|nˆp〉1|nˆq〉2 − |nˆq〉1|nˆp〉2)/
√
2 ∝ |S〉 are triplet and sin-
glet components, respectively. Thus, 〈S|Ψ〉f is non-zero
and these two atoms can experience s-wave resonant in-
teraction. Therefore, a transition to Feshbach molecular
state can be induced.
Nevertheless, in reality, it is known that a momentum-
independent coupling, such as radio-frequency (rf) cou-
pling, can also produce Feshbach molecules in a degen-
erate Fermi gas. In such a process the atoms in | ↓〉 first
evolve to the superposition of | ↑〉 and | ↓〉 through rf
coupling. Then, after decoherence, it becomes an inco-
herent mixture of scattering atoms in | ↑〉 and | ↓〉, and
further, the inelastic collision can bring some atoms in
the mixture into molecules [15]. It is important to no-
tice that decoherence process has to be involved in such
a process. While in contrast, the SO-coupling-induced
transition discussed above does not require any incoher-
ent process, and is a fully quantum coherent process.
In our experiment, a pair of 772.4 nm Raman lasers
is applied to spin polarized 40K gas in |F,mF〉 =
|9/2,−9/2〉 state. Two Raman beams are linearly polar-
ized along zˆ and yˆ axis, respectively, which correspond
to pi and σ polarization along the quantization axis zˆ.
Thus, the Raman process couples |9/2,−9/2〉 (denoted
by |↓〉) to |9/2,−7/2〉 (denoted by |↑〉), and the momen-
tum transfer in the Raman process is 2k0 = 2kr sin(θ/2),
where kr = 2pi~/λ is the single-photon recoil momen-
tum, λ is the wavelength of the Raman beam, and θ is
the angle between two Raman beams. The recoil energy
Er = k
2
r /2m = h × 8.36 kHz. The relative frequency
between two lasers ω1 − ω2 can be precisely controlled,
and the detuning δ ≡ ~(ω1 − ω2) − ~ωZ, where ~ωZ is
the Zeeman splitting between |↑〉 and |↓〉. This Raman
process is described by single particle Hamiltonian [2]
Hˆ0 =
(px − k0σz)2
2m
+
Ω
2
σx − δ
2
σz +
k2y + k
2
z
2m
. (5)
Here, px denotes the quasi-momentum of atoms, which
relates to the real momentum kx as kx = px ∓ k0 with ∓
for spin-up and down, respectively, and Ω is the strength
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FIG. 2: (Color online). Energy level diagram and
spin-orbit coupling induced Feshbach molecules. (a)
Schematic diagram of the energy levels. A pair of Raman
lasers couples spin polarized state |9/2,−9/2〉 to Feshbach
molecules in Fermi gases 40K. (b) Radio-frequency spectrum
|9/2,−7/2〉 to |9/2,−5/2〉 transition applied to a mixture of
Feshbach molecules and scattering atoms in |9/2,−7/2〉. (c-
e) The population of Feshbach molecules detected by the rf
pulse as a function of duration time of the Raman pulse. The
angle of two Raman beams is θ = 180◦ (c), θ = 90◦ (d) and
θ = 0◦ (e). The Raman coupling strength is Ω = 1.3Er and
the two-photon Raman detuning is δ = −Eb = −3.59Er.
of the Raman coupling. Comparing with Eq. (2), it is
clear that h = (Ω/2, 0,−δ/2 − pxk0/m). If two Raman
beams are parallel to each other, we have θ = 0 and thus
k0 = 0. In this case there is no SO coupling. When
θ 6= 0, k0 becomes non-zero and there will be SO cou-
pling effect. According to above analysis, a fully polar-
ized Fermi gas cannot be coupled to Feshbach molecular
state if two Raman beams are parallel, while coherent
molecule production is allowed if they are not parallel.
Our experiment is performed at 201.4 G, below the
Feshbach resonance between |9/2,−9/2〉 and |9/2,−7/2〉
located at 202.2 G, which corresponds to a binding en-
ergy of Eb = h × 30 kHz (corresponding to 3.59Er) for
the Feshbach molecules and 1/(kFas) ≈ 0.92 for our typ-
ical density. After applying the Raman lasers for certain
duration time, we turn off the Raman lasers and mea-
sure the population of Feshbach molecule and atoms in
|9/2,−7/2〉 state with a radio-frequency (rf) pulse. This
rf field drives a transition from |9/2,−7/2〉 to |9/2,−5/2〉.
After the rf pulse, we abruptly turn off the optical trap
and the magnetic field, and let atoms ballistically expand
for 12 ms in the presence of a magnetic field gradient ap-
plied along yˆ, and finally take absorption image along
zˆ to measure the population of |9/2,−5/2〉 state. For
a mixture of |9/2,−7/2〉 and Feshbach molecules, as a
function of rf frequency νrf, we find two peaks in the
population of |9/2,−5/2〉, as shown in Fig. 2(b). The
first peak (blue curve) is attributed to free atom-atom
transition and the second peak (red curve) is attributed
to molecule-atom transition. Thus, in the following, we
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FIG. 3: (Color online). The population of Feshbach
molecules and scattering atoms in |9/2,−7/2〉 state as a
function of two-photon detuning of the Raman pulse.
The Raman coupling strength is Ω = 1.3Er and the duration
of the Raman pulse is 15 ms. Angle of two Raman beams is
θ = 180◦(a), θ = 90◦(b), and θ = 0◦(c), respectively. The red
data points are Feshbach molecular population and the black
data points are population of scattering atoms in |9/2,−7/2〉
state.
set νrf to 47.14 MHz to measure Feshbach molecules.
When the two-photon Raman detuning δ is set to
δ = −Eb = −3.59Er [16], as shown in Fig. 2(a), we
measure the population of Feshbach molecule as a func-
tion of duration time for three different angles, θ = 180◦,
θ = 90◦, and θ = 0◦, as shown in Fig. 2(c), (d) and
(e). We find for θ = 180◦, Feshbach molecules are cre-
ated by Raman process and the coherent Rabi oscillation
between atom-molecule can be seen clearly. For θ = 90◦,
production of Feshbach molecules is reduced a little bit
and the atom-molecule Rabi oscillation becomes invisi-
ble. For θ = 0◦, no Feshbach molecule is created even
up to 40 ms, which means the transition between Fesh-
bach molecules and a fully polarized state is prohibited
if Raman process has no momentum transfer.
Fig. 3 shows the population of Feshbach molecules de-
tected by the rf pulse as a function of two-photon detun-
ing δ with the fixed Raman coupling strength Ω = 1.3Er
and the pulse duration 15 ms. For θ = 180◦ and θ = 90◦
we find that the formation of Feshbach molecules starts
to appear when δ & −7.18Er, reaches a maximum around
δ ≈ −2.39Er (it is a little bit larger than −Eb = −3.59Er,
which is probably due to the momentum recoil from the
Raman beams), and gradually decreases to zero around
δ = +3.59Er, as shown by red data points in Fig. 3(a)
and (b). While for θ = 0◦, we find no Feshbach molecule
production until δ & −1.79Er and a Feshbach molecular
population with narrower width is only near δ ∼ 0, as
shown in Fig. 3(c). The peak value in (c) is also much
reduced compared to (a) and (b).
The atom-molecule transition shown in Fig. 3 con-
tains both the SO-coupling-induced coherent process and
the incoherent process discussed above. For the inco-
herent process, sufficient population of scattering atoms
in |9/2,−7/2〉 is inevitable. In contrast, the coher-
ent process can still exist even when the population of
the scattering atoms in |9/2,−7/2〉 is negligible at suf-
ficient large detunning. Thus, to further distinguish
these two processes, we measure the population of scat-
tering atoms in |9/2,−7/2〉 state for three cases with
θ = 180◦ (a), 90◦(b), 0◦ (c), after a Raman pulse with
the same intensity and the same duration. We find in
all the three cases, the population of scattering atoms in
|9/2,−7/2〉 becomes non-zero for δ & −3.59Er as shown
in black data points in Fig. 3. The difference between
(a,b) and (c) is that for (a,b), the system mainly populate
in |9/2,−7/2〉 when δ > 3.59Er, while for (c) the popula-
tion of |9/2,−7/2〉 vanishes when δ > 2.39Er. This is be-
cause for the case without SO coupling (c), the resonance
always takes place when two-photon detuning matches
Zeeman energy, i.e. δ = 0, for atoms in all momentum.
While for (a) and (b) with SO coupling, the resonance fre-
quency is momentum dependent and spend over a much
wider frequency range [10, 11, 17, 18].
Comparing the populations of scattering atoms in the
state |9/2,−7/2〉 and Feshbach molecules in Fig. 3, we
find that for θ = 180◦ and θ = 90◦ (SO coupling case),
significant molecule population exists in the frequency
regime δ . −3.59Er where almost no scattering atoms
in |9/2,−7/2〉 are found. This confirms the coherent na-
ture of Feshbach molecular production. On the other
hand, for θ = 0◦ (no SO coupling), no Feshbach molecule
can be found where no population of scattering atoms
in |9/2,−7/2〉 atoms can be seen (either δ . −2.39Er
or δ & +2.39Er). This shows that decoherence pro-
cess is key in producing scattering atoms in the state
|9/2,−7/2〉, which is prerequisite for incoherent molecu-
lar formation [15].
A more direct evidence for the coherent nature of
molecular production is the Rabi oscillation between Fes-
hbach molecular state and a fully polarized Fermi gas.
Previously coherent atom-molecule oscillation has only
been observed in bosonic atomic gas [19] and boson-
fermion mixture [20]. In a Fermi gas the energy of atoms
in scattering states spread over a wide energy range of
the order of Fermi energy (2.2Er in our system), which
inevitably leads to damping of Rabi oscillation. However,
by tuning the laser intensity and as a result, the magni-
tude of the Rabi frequency, the oscillation period can be
made shorter compared with damping time and can be
readily observed in the experiment. In Fig. 4 we plot Fes-
hbach molecular fraction as a function of duration time of
Raman laser with two-photon detuning tuned to molecule
binding energy. In Fig. 4(a-c) at least one oscillation pe-
riod can be identified. While in case (d) with a smaller
Raman intensity, oscillation becomes invisible. For (a-c)
we take the first minimum as one period τ , and plot Rabi
oscillation frequency ν = 1/τ as a function of Raman
coupling Ω in Fig. 4(e), and find a perfect linear rela-
tion. This is indicative of a coherent process in which the
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FIG. 4: (Color online). The dependence on the Raman
coupling strength and temperature for coherent Rabi
oscillations between a spin polarized Fermi gas and
Feshbach molecular state. (a-e). Population of Feshbach
molecules as a function of duration time of Raman laser. The
angle of two Raman beams is θ = 180◦ and the two-photon de-
tuning is set as δ = −Eb = −3.59Er. For (a-d), temperature
T/TF = 0.3, and the Raman coupling strength is Ω = 2.8Er
(a), Ω = 1.95Er (b), Ω = 1.3Er (c), and Ω = 0.65Er (d), re-
spectively. (e) For T/TF = 0.3, the Rabi frequencies obtained
from (a-c) as the function of the Raman coupling strength.
(f), Feshbach molecular fractions as a function of pulse time
for different temperatures. The Raman coupling strength
Ω = 1.3Er . T/TF = 0.3 for red curve, T/TF = 0.48 for
blue curve, and T/TF = 0.68 for green curve.
oscillation frequency is proportional to Raman-coupling
strength. Finally in Fig. 4(f) we plot Feshbach molecular
fraction for various temperatures. We find when temper-
ature increases from T/TF = 0.3 to T/TF = 0.68, the
oscillation period is almost unchanged but the oscilla-
tion itself becomes less and less visible. This shows the
increase of damping rate with the increase of tempera-
ture.
Finally, we study the creation of Feshbach molecules
for different magnetic fields corresponding to different
binding energies Eb of the molecules. The detuning δ
is chosen to be δ = −Eb. Here, the Feshbach molecules
are dissociated by a magnetic sweep over the Feshbach
resonance instead of the rf pulse. As shown in Fig. 5, we
find that the Feshbach molecular population increases at
the higher magnetic field, or lower binding energy Eb.
This is because the atom-molecule transition amplitude
depends on the overlap between the wave-function of Fes-
hbach molecule and the one of two free atoms (i.e., the
Franck-Condon factor), which increases with Eb.
In conclusion, by applying SO coupling, we have
demonstrated coherent production of Feshbach molecules
from a fully polarized Fermi gas, as well as a coher-
ent oscillation between them, provided that the coupling
strength is strong enough. Such a coherent process re-
veals that, in the presence of SO coupling, the atomic
triplet state is coupled to the singlet state, and thus the
bound state of a system with SO coupling contains both
singlet and triplet components. For symmetry reason,
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FIG. 5: (Color online). The population of Feshbach
molecules as a function of the magnetic field. The
Raman coupling strength is Ω = 1.3Er and the duration of
the pulse is 7 ms. Angle of two Raman beams is θ = 180◦.
The detuning is chosen such that δ = −Eb for each magnet
fields. (a) The Feshbach molecular binding energy as a func-
tion of magnetic field. Inset of (a) shows the experimental
sequence. (b) Fraction of Feshbach molecules produced after
the Raman pulse. The Feshbach molecules are dissociated by
a magnetic ramp over the Feshbach resonance.
the triplet component should at least be a p-wave pair-
ing. Although the temperature of our current system is
still above the condensation temperature of these pairs,
one may still expect some interesting physics of these
noncondensed nontrivial pairs. At low temperature and
lower dimension these pairs will exhibit topological su-
perfluidity.
Method: This experiment starts with a degenerate
Fermi gas of about 2 × 106 40K in the |9/2, 9/2〉 state,
which has been evaporatively cooled to T/TF ≈ 0.3 with
bosonic 87Rb atoms in the |2, 2〉 inside the crossed optical
trap [10, 21–23], where TF is the Fermi temperature
defined by TF = (6N)
1/3
~ω/kB, and ω ≃ 2pi × 80 Hz in
our system, N is the number of fermions. A 780 nm laser
pulse is applied for 0.03 ms to remove the 87Rb atoms in
the mixture without heating 40K atoms. Subsequently,
the fermionic atoms are transferred into the lowest state
|9/2,−9/2〉 via a rapid adiabatic passage induced by a
radio-frequency field of 80 ms at 4 G. A homogeneous bias
magnetic field for magnetic Feshbach resonance along the
z axis (gravity direction) is produced by the quadrupole
coils (operating in the Helmholtz configuration).
A pair of 772.4 nm Raman laser are extracted from
a CW Ti-sapphire single frequency laser. Two Ra-
man beams are frequency-shifted around −77 MHz and
−122 MHz by two single-pass acousto-optic modulators
(AOM), respectively, to precisely control their frequency
difference. These two Raman beams has a maximum in-
tensity I = 130 mW for each beam, and they overlap in
the atomic cloud with 1/e2 radii of 200 µm.
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